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a b s t r a c t
The Bacillus ACT group includes three important pathogenic species of Bacillus: anthracis, cereus and
thuringiensis. We characterized three virulent bacteriophages, Bastille, W.Ph. and CP-51, that infect
various strains of these three species. We have determined the complete genome sequences of
CP-51, W.Ph. and Bastille, and their physical genome structures. The CP-51 genome sequence could
only be obtained using a combination of conventional and second and third next generation sequencing
technologies – illustrating the problems associated with sequencing highly modiﬁed DNA. We present
evidence that the generalized transduction facilitated by CP-51 is independent of a speciﬁc genome
structure, but likely due to sporadic packaging errors of the terminase. There is clear correlation of the
genetic and morphological features of these phages validating their placement in the Spounavirinae
subfamily (SPO1-related phages) of theMyoviridae. This study also provides tools for the development of
phage-based diagnostics/therapeutics for this group of pathogens.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Bacillus anthracis, Bacillus cereus and Bacillus thuringiensis are
three bacterial species commonly referred to as ‘Bacillus ACT’ and
are the only species known to cause disease in mammals (Vilas-
Boas et al., 2007). B. anthracis is an etiologic agent of anthrax and
the only obligate pathogen within the genus Bacillus. B. cereus can
cause severe food poisoning, resulting in emetic or diarrheal
symptoms and a variety of local and systemic infections
(Drobniewski, 1993; Schoeni and Wong, 2005). B. thuringiensis is
known for its insecticidal properties and has been successfully
used as a biopesticide (Raymond et al., 2010), but can also cause
wound infections after severe trauma.
Numerous Bacillus-speciﬁc bacteriophages have been isolated
and characterized, with reports dating back to the 1930s (Bayne-
Jones and Sandholzer, 1933), and they also have been employed as
valuable tools for genetic research of Bacilli (Bishop-Lilly et al.,
2012; Green et al., 1985; Hauser et al., 1991; Kopec et al., 1985).
With the aim of rapid detection, B. anthracis bioluminescent
reporter phages have been developed (Schoﬁeld and Westwater,
2009). Driven by the recent developments in sequencing technol-
ogies (Klumpp et al., 2012), a large number of Bacillus-speciﬁc
bacteriophages have been sequenced and characterized to date.
Their genome sizes span a wide range; B. anthracis speciﬁc phage
AP50 is the smallest known Bacillus phage with a genome size of
14.4 kb (Sozhamannan et al., 2008), while Bacillus megaterium
speciﬁc phage G is the largest of all known Bacillus viruses with a
genome size of 497.5 kb (Claverie et al., 2006; Fangman, 1978).
Here we describe the characterization of three large novel and
obligatory lytic Bacillus myoviruses.
Phage Bastille was originally isolated by Allan Bastille from
Riviére-du-Loup, Province de Quebec, Canada in 1984 and subse-
quently characterized by Ackermann et al. (Ackermann et al.,
1995). It was classiﬁed as a member of the SP50 species, featuring
an A1 morphotype with a head diameter of 90 nm and a tail length
of 150 nm. This phage exhibits clearly visible capsomers and a
‘double’ collar base plate as revealed by transmission electron
microscopy (Ackermann and Dubow, 1987; Ackermann et al.,
1995), which are hallmarks of the Spounavirinae subfamily, related
to Bacillus subtilis phage SPO1 (Klumpp et al., 2010). Bastille infects
B. thuringiensis, and the endolysin encoded by this phage was
identiﬁed and characterized in 1997 (Loessner et al., 1997). Its
genome size has previously been estimated to be approximately
127 kb (Jarvis et al., 1993).
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Phage W.Ph. was isolated by W. Beyer, University of Hohen-
heim, Germany in 2009 using a B. anthracis strain isolated from a
Zebra carcass (sample ID EB090416-01ZH) in Etosha National Park,
Namibia (Beyer et al., 2012).
CP-51 is the best-characterized of the three phages studied
here. It was isolated by Curtis B. Thorne in 1968 from soil, and
was shown to be capable of generalized transduction of a Trp
mutant of B. cereus strain 569 to Trpþ (Thorne, 1968a). Since
then, it has been extensively used as a genetic tool for exchange
of markers among and between B. cereus and B. anthracis.
In single-step growth experiment, a burst size of 90 was shown
to be produced in a typical lytic cycle spanning 90–100 min
(Cohen et al., 1973), and the phage was conﬁrmed to be obligately
lytic, i.e. virulent (Thorne, 1978). Transduction of plasmids by
CP-51 among members of the B. cereus group, including the
transfer of the B. anthracis plasmid pXO2, that encodes the
capsule (a virulence factor of B. anthracis), to B. cereus 569 and
another B. anthracis strain has been reported (Green et al., 1985;
Ruhfel et al., 1984; Thorne, 1968b; Yelton and Thorne, 1970).
CP-51 is unusual in its cold-sensitivity, with up to 90% loss of
viability/infectivity at 4 1C in 24 h. Hence, the recommended
storage temperature of CP-51 is 15 1C. Alternatively, the phage
can be stored in infected Bacillus spores. The host-range for
CP-51 encompasses B. cereus, B. anthracis and B. thuringiensis
(28 strains tested) (Thorne, 1968b). Electron microscopy of CP-51
particles revealed a Myoviridae morphology with a contractile
tail, a distinct base plate and a head size of approximately 90 nm
(Thorne, 1978; Yelton and Thorne, 1970). The CP-51 genome has a
43% GC content and features substitution of 5-hydroxymethy-
luracil for thymine (Yelton and Thorne, 1971).
Here, we present the results of a comprehensive molecular
characterization including the determination of the genomic
sequences of Bastille, W.Ph. and CP-51 phages. Although CP-51
DNA posed severe challenges for sequencing, we took a hybrid
approach using multiple sequencing platforms. The molecular
structure of CP-51 was found to be inconsistent with earlier
reports of its ability to perform generalized transduction, invoking
the possibility of a new mechanism of transduction by this phage.
Results
Phages Bastille, W.Ph. and CP-51 are morphologically related
Transmission electron microscopy revealed a SPO1-like mor-
phology with an approximately 200 nm long contractile tail and
an 80–90 nm isometric head structure for all three phages.
Together with our ﬁndings on protein homologies (see below),
all three phages can be clearly placed in the order Caudovirales,
family Myoviridae, subfamily Spounavirinae (Fig. 1) (Klumpp et al.,
2010). Because of their slightly longer tails and larger head
diameters, phages W.Ph. and Bastille were classiﬁed as Twort-
like phages (Fig. 1A and B, respectively), whereas CP-51 was
grouped into the SPO1-like phages (Fig. 1C), (Klumpp et al.,
2010). Phage W.Ph. (Fig. 1D), like CP-51 (Fig. 1E), displayed a
higher proportion of contracted tails with empty capsids, indicat-
ing virion instability during storage, as previously reported for
CP-51 (Thorne and Holt, 1974). Particle dimensions corresponded
well to previously published data on CP-51 (Thorne, 1978; Yelton
and Thorne, 1970) and Bastille (Jarvis et al., 1993). The dimensions
of phage W.Ph. are indistinguishable from Bastille.
Bacillus ACT phages exhibit a narrow host range
The host range of all three Bacillus phages spans B. cereus and
B. thuringiensis strains (Table 1). All three phages were also tested
on B. anthracis Sterne 7702 (Table 1), but only W.Ph. and CP-51
were able to infect this strain. Of the 27 B. cereus and B.
thuringiensis strains tested, Bastille, W.Ph and CP-51 infected 10,
11 and 12 strains, respectively. Although there was some overlap
of the host range of the three phages, there was no clear
demarcation of species/strain level speciﬁcity that could be attrib-
uted to each phage.
Genome sequencing and bioinformatic analysis
The genomes of CP-51, Bastille and W.Ph. were ﬁrst investi-
gated by pulsed-ﬁeld gel electrophoresis (PFGE), in order to obtain
approximate sizes for genome assembly (Fig. 2). The estimated
genome sizes for phages Bastille, W.Ph. and CP-51 were 150 kb,
155 kb and 140 kb, respectively.
Whole-genome sequencing of the three phages was carried out
using an array of next generation sequencing technologies.
A total of 27,507 reads were generated for phage Bastille from
1/16th of a Roche 454 pyrosequencing run, with an average read
length of 185 bp. The assembled reads yielded a single contig of
153,962 bp with 37-fold average coverage. Genomic regions of low
coverage, or those exhibiting conﬂicting nucleotides, were manu-
ally veriﬁed and further resolved by Sanger sequencing. The GþC
content was calculated to be 38.1 mol%. Genome annotation of the
ﬁnal assembly produced 273 CDSs and seven tRNA genes (coding
for tRNAs Asn (2), Trp, Ser (2), Asp, and Tyr). Of the 273 CDS, 42
(15%) could be assigned a putative function (Fig. 3).
For phage W.Ph., a total of 23,148 individual reads with an
average length of 195 bp were generated from a 1/16th of a Roche
454 run, and assembled into a single contig (156,897 bp) with
32-fold average coverage. The GþC content was 36.4 mol%. Similar
to phage Bastille, annotation of the W.Ph. genome predicted 274
CDSs, of which only 23 (8%) could be assigned a putative function.
Three tRNA genes, encoding tRNAs Asn, Glu and Asp could be
identiﬁed (Fig. 3).
Initial attempts to sequence CP-51 failed to yield any useful
sequence. Shotgun cloning followed by Sanger sequencing showed
extreme bias of the clones to certain regions of the genome (500
reads), and direct primer walking on phage genomic DNA also
failed due to premature termination. Three attempts to sequence
CP-51 DNA by the Roche 454 technology also produced only a few
reads of moderate quality, and no contig longer than 5 kb could be
assembled by the Roche GS De Novo Assembler software (GSAs-
sembler, Version 2.7) or CLC bio Genomics Workbench. Subse-
quently, we used an Illumina HiSeq 2000 instrument (unpaired
library, 75 bp reads), which generated approximately 61 million
individual sequence reads. Despite the vast amount of data from
these three sequencing technologies, we were still unable to
generate a single contig draft genome for CP-51, possibly due to
the lack of large mate-pair libraries, or insufﬁcient read length for
scaffolding purposes. With the advent of Paciﬁc Bioscience's
single-molecule sequencing technology, we sequenced CP-51
using C1 chemistry and 6 SMRT-sequencing cells (SMRT analysis
software version 1.2.2). Because of the truly random error model of
the SMRT sequencing technology, the reads were self-error-
corrected (Continuous Long Read (CLR) error correction), effec-
tively eliminating sequencing errors by deep coverage (Chin et al.,
2013; Klumpp et al., 2012). A total of 212,266,847 post-ﬁlter bases
resulting from 107,146 post-ﬁlter reads with a mean read length of
1770 nucleotides and a mean read quality of 0.875 were generated.
The resulting single contig was used for reference mapping of the
Illumina, 454 and Sanger reads produced earlier. A ﬁnal assembly
from 61,076,607 individual reads with a range of 50–228,088-fold
coverage (Fig. S1) in certain regions of the genome with a
consensus accuracy of 499.999% was generated. The uneven
distribution of coverage originates from over-representation of
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the terminal redundancy region in sequencing results and also
from a bias in Illumina sequencing (Fig. S1A). Average coverage
from PacBio reads alone was in the range of 1400-fold (Fig. S1B).
The CP-51 unit genome sequence was 138,658 bp in length, with
224 predicted CDSs, 33 of which had predicted function (14.7%)
and two tRNA genes (encoding tRNAs Met and Trp). No gene
products homologous to proteins involved in the synthesis of
5-hydroxymethyl uracil could be identiﬁed. The genome maps of
all three phages compared to previously published genomes of
phages SPO1 and Twort are depicted in Fig. 3. One unusual ﬁnding
is the location of the gene encoding the large terminase subunit.
This gene is in close proximity to the structural genes in most
known phages, whereas in CP-51, it is located in a cluster of genes
with an unknown function, 30 kb away from the portal protein-
encoding gene (Fig. 3).
Comparative genome analyses with other Bacillus phages
Other Bacillus phages with similar morphology and genome
sizes to the three phages reported here have been described
previously. These include phages 0305phi8-36 (218,948 bp),
SPO1 (132,562 bp), SPβ (134,416 bp), BCP78 (156,176 bp), BPS13
(158,305 bp), BCB4 (162,596 bp) and SP10 (143,986 bp) (Hardies
et al., 2007; Lazarevic et al., 1999; Lee et al., 2012; Park et al., 2012;
Stewart et al., 2009; Yee et al., 2011). Comparison of ClustalW
nucleotide sequence alignments revealed high similarity of CP-51
to SPO1, whereas Bastille was highly similar to the recently
published B4 (Lee et al., 2012). Phage W.Ph. was very similar to
phage BPS13 (Park et al., 2012). Also, genome sequences of phages
CP-51, Bastille and W.Ph. revealed relatedness to phages of other
genera of Gram-positive bacteria, such as Listeria phages A511 and
Fig. 1. Transmission electron micrographs of bacteriophages Bastille, W.Ph. and CP-51. (A) B. cereus phage W.Ph.; (B) B. thuringiensis phage Bastille; (C) B. cereus phage CP-51;
(D) W.Ph. with contracted tail; and (E) CP-51 with contracted tail. Bars represent 100 nm.
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P100, and Brochothrix phage A9 (Carlton et al., 2005; Kilcher et al.,
2010; Klumpp et al., 2008). Regions of homology are evident in the
genomes compared. Limited protein homologies in the structural
genes were observed among the three Bacillus phages compared
here and to SPO1 and Twort (Fig. 3). All phage genomes are
organized in a modular fashion in functional cassettes, as observed
in many phages. The early genes encode proteins involved in DNA
replication, recombination and repair as well as transcription
regulation. Structural genes are encoded in the late operon. The
lysis cassette usually follows the late gene cluster. Protein homo-
logies among Bastille, CP-51, W.Ph. and Twort and SPO1 start
downstream of the encoded portal protein (Fig. 3, dark blue).
Weak homologies in structural genes can be observed among the
phages including the capsid and tail components. SPO1 exhibits a
completely different organization of the genes encoding lower tail/
base plate components than CP-51, Bastille, W.Ph. and Twort,
because very limited homology is found for a stretch of approxi-
mately 10 kb of the SPO1 genome in this region.
Bastille, W.Ph. and CP-51 exhibit a ﬁxed genome structure with
terminally redundant ends
Pulsed-ﬁeld gel electrophoresis (PFGE) estimates of genome
sizes were generally conﬁrmed by results of sequencing (Fig. 2).
The genome of Bastille (153,962 bp) is slightly smaller than that of
phage W.Ph. (159,537 bp). The CP-51 unit genome size is shorter
(138,658 bp), than its closest neighbor, B. subtilis bacteriophage
SPO1 (145,747 bp) (Stewart et al., 2009; Stewart et al., 1998)
(redundancies not shown in Fig. 3). However, contradictory data
were obtained with regards to the size of the terminal repeat in
CP-51. While terminal fragment runoff sequencing alluded to a
1095 bp redundancy, reference read mapping based on read-pile-
up analysis of Illumina and PacBio sequencing data (Fig. S1),
indicated a pile-up region of 18 kb, suggesting a much larger
terminal redundancy, larger even than the 13,185 bp repeat of
phage SPO1 (Stewart et al., 2009). Despite several attempts, this
conﬂict in estimation of terminal redundancy could not be
resolved. It is, however, clear from Bal31 digests and runoff
sequencing on isolated restriction fragments (Klumpp et al.,
2008), that CP-51 features a ﬁxed terminal redundancy, which is
not permuted. Restriction analysis of genomic DNA demonstrated
direct terminal repeats in both W.Ph. and Bastille (Fig. 2B and C).
Sanger runoff sequencing of W.Ph. showed a redundancy of
2640 bp, while the repeat region of Bastille is approximately
2 kb, based on restriction patterns (Fig. 2). CP-51 was partially or
fully resistant to most restriction enzymes (50 tested), at least in
part due to the base modiﬁcation described previously (Yelton and
Thorne, 1971) (Fig. 2D).
The experimental analysis of phage genomic termini agree well
with a phylogenetic tree constructed from 160 different phage
terminase protein sequences, which essentially groups phages on
the basis of their DNA packaging mechanisms (Casjens and
Gilcrease, 2009; Casjens et al., 2005). In this analysis, phages
CP-51, W.Ph. and Bastille clearly cluster within the Spounavirinae
subfamily, along with SPO1 and Twort. Also, as expected, all the
above referenced related Bacillus phages BCP78, BSP13, BCB4 and
SP10 do cluster in the same branch, separate from phages with
other packaging mechanisms (Fig. S2).
Structural proteins
Peptide mass ﬁngerprinting of Bastille virion proteins by ESI-
MS/MS conﬁrmed the presence of a tail component (131 kDa), tail
sheath (Tsh, 62 kDa), major capsid (Cps, 52 kDa) and 3 other
structural proteins (75 kDa, 39 kDa and 17 kDa) in the mature
virion (Fig. 4). One protein (AEQ34317.1) was found in two
different fragments. In phage W.Ph., gp40 (132 kDa), Tsh
(63 kDa), Cps (53 kDa), gp108 (20 kDa) and gp23 (16 kDa) were
shown to be part of the structural proteins. Seven proteins could
be identiﬁed in the virion of CP-51. Besides Tsh (61 kDa) and Cps
(51 kDa), gp52 (125 kDa) was present in two fragments. Gp159
(24 kDa), gp42 (15 kDa), gp161 (13 kDa) and gp216 (10 kDa) were
also identiﬁed; however, three of the genes encoding these three
proteins are located outside of the region encoding structural
protein genes (Fig. 4). Similar observations have been made
previously and further, these proteins have been postulated to be
Ig-domain-containing head-decoration proteins or proteins with
similar function (Kilcher et al., 2010).
Discussion
Renewed interest in applying phages for a variety of biotech-
nological and medical uses has spurred research on isolation and
genomic characterization of bacteriophages of pathogens. Recent
Table 1
Host-range analysis of phages W.Ph., Bastille and CP-51.
Strains Organism Bastille W.Ph. CP-51
Sterne 7702 Bacillus anthracis – þ þ
LA 925 Bacillus cereus – – –
ATCC 14579 Bacillus cereus – – –
ATCC 11778 Bacillus cereus – þ þ
ATCC 10702 Bacillus cereus – – –
DSM 2302 Bacillus cereus – – þ
BO 366 Bacillus cereus – – –
BO 372 Bacillus cereus þ – –
BO 493 Bacillus cereus – – –
DSM 4218/F2038/78 Bacillus cereus – þ þ
ATCC 33019 Bacillus cereus þ þ –
ATCC 14737 Bacillus cereus – – –
ATCC 27522 Bacillus cereus – – –
NCTC 11143 Bacillus cereus – – –
NCIMB 8705 Bacillus cereus þ þ þ
ATCC 6464 Bacillus cereus – – þ
B346 Bacillus cereus þ þ þ
DSM360 Bacillus cereus – – –
HER1399 Bacillus cereus þ þ þ
WSBC 10530 Bacillus cereus – – –
WSBC 10556 Bacillus cereus þ – –
WSBC 10566 Bacillus cereus – þ þ
WSBC 10583 Bacillus cereus – – –
DSM4421 Bacillus thuringiensis þ þ þ
WSBC 10204 Bacillus thuringiensis – – –
HER1211 Bacillus thuringiensis þ þ þ
Kurstaki Bacillus thuringiensis þ þ þ
ATCC 10792 Bacillus thuringiensis þ þ þ
DSM168 Bacillus subtilis – – –
DSM675 Bacillus atrophaeus – – –
ATCC 23059 Bacillus subtilis – – –
DSM90 Bacillus megaterium – – –
WSBC 10550 Bacillus weihenstephanensis – – –
WSLC 3009 Listeria ivanovii – – –
WSLC 1001 Listeria monocytogenes – – –
PSK Staphylococcus aureus – – –
Twort Staphylococcus aureus – – –
414 Staphylococcus epidermidis – – –
602 Staphylococcus epidermidis – – –
DT7155 Salmonella typhimurium – – –
CGSC 4401 Escherichia coli – – –
DSM 20560 Streptococcus salivarius – – –
NZ9000 Lactococcus lactis – – –
ATCC 19433 Enterococcus faecalis – – –
HER: Félix d'Hérelle Reference Center for bacterial viruses; ATCC: American Type
Culture Collection; NCTC: National Collection of Type Cultures; DSM: Deutsche
Sammlung von Mikroorganismen; NCIMB: National Collection of Industrial Bac-
teria; WSBC: Weihenstephan Bacillus Collection; WSLC: Weihenstephan Listeria
Collection; and BO: Collection of the Institute of Environmental and Animal
Hygiene and Veterinary Medicine, University of Hohenheim, Stuttgart, Germany
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advances in whole genome sequencing have further fueled this
endeavor. Generally, the bacteriophages best suited for biotechno-
logical applications are the virulent broad-host range viruses.
An especially interesting group of phages are the members of
the Spounavirinae subfamily (Klumpp et al., 2010). Here, we report
the genome sequences and molecular characterization of three
Bacillus-speciﬁc members of this group. The phages infect
B. anthracis, B. cereus and B. thuringiensis, but not B. subtilis,
Bacillus sphaericus, B. megaterium, or Bacillus weihenstephanensis,
or other bacteria (Table 1). The host range of CP-51 is slightly
broader compared to Bastille and W.Ph. In general, determining
the species boundaries of these three phages has been challenging.
We had selected 22 B. cereus type strains and strains isolated
from food sources, such as ﬁve B. thuringiensis, several other
Bacillus species, including B. anthracis Sterne, and 12 unrelated
Gram-positive and Gram-negative bacteria (Table 1) for host range
analysis. In this context, Bastille, CP-51 and W.Ph. are rather
species-speciﬁc, compared to other Bacillus phages, such as
Bc431v3 (El-Arabi et al., 2013). In an unrelated study from our
lab, the endolysin proteins of all three phages have been cloned
and characterized. Interestingly, binding speciﬁcity of the W.Ph.
endolysin cell wall-binding domain is much broader than that of
the host range of whole phage particle, indicating additional
requirements for phage adsorption (unpublished observations).
Fig. 2. Genome structure determination for Bastille, W.Ph and CP-51. (A) PFGE of Bastille (lane c), W.Ph. (lane d) and CP-51 (lane e) DNA. Lanes a and b: midrange PFGE
markers I and II (New England Biolabs). (B) Restriction digestion of puriﬁed W.Ph. DNA with different restriction endonucleases. Lanes c–j: Alw441I, KpnI, OliI, PaeI, PauI,
XcmI, SwaI and SalI, respectively. Lanes a and b: 1-kb and Lambda 19 mix markers (Fermentas). (C) Restriction digestion of puriﬁed Bastille DNA with different restriction
endonucleases. Lanes c–i: MluI, NheI, OliI, PaeI, PauI, SwaI and XcmI, respectively. Lanes a and b: 1-kb and Lambda mix markers (Fermentas). (D) Restriction digestion of
puriﬁed CP-51 DNA with different restriction endonucleases. Lanes c–j: Alw44I, PvuII, AatII, HpaII, KpnI, Pﬂ23II, Van91I and XcmI, respectively. Lanes a and b: 1-kb and
Lambda mix markers (Fermentas). Numbers indicate marker band sizes in kilobases.
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Bacillus phages of theMyoviridae family are notoriously difﬁcult
to sequence, due to the heavy modiﬁcation of their DNAs (Klumpp
et al., 2012, 2013). In this study, CP-51 proved extraordinarily
difﬁcult to sequence because of extensive HMU substitution
(Yelton and Thorne, 1971), and possible phosphoglucuronidation
or glucosylation of the bases, as in Bacillus phage SP15 (Cao et al.,
1983). Such extensive modiﬁcation also results in partial resistance
to digestion by most restriction endonucleases as shown in this
study (Fig. 2, many enzymes cut less often than predicted or not at
all) (Yelton and Thorne, 1971). However, we found no evidence of a
nicked, gapped or fragmented DNA (Fig. 2), as reported for other
phages (Kulakov et al., 2009; Reddy and Gopinathan, 1986; Wang
et al., 2005). We assume that the DNA structure prevented
efﬁcient sequencing by ampliﬁcation-based methods, such as
Sanger or 454. Hence, hybrid sequencing approaches were used
to sequence CP-51 DNA, combining 454 and Illumina platforms
with ampliﬁcation-free PacBio single molecule real time sequen-
cing technology. PacBio technology is insensitive to modiﬁed
bases, and can sequence methylated bases (Eid et al., 2009;
Klumpp et al., 2012; Korlach and Turner, 2012). Currently, it seems
that this approach (PacBio, or PacBio plus additional short reads) is
the method of choice for sequencing phage genomes that are
recalcitrant to routine sequencing strategies (Klumpp et al., 2012).
Employing the full capability of ﬁrst and second generation
sequencing technologies was not enough to obtain the complete
genome sequence of the rather tiny 140 kb DNA template of CP-51.
Only the use of third generation technology with its long read
lengths enabled obtaining the complete genome sequence.
Our data illustrate the potential that the third generation sequen-
cing technologies offer to sequence previously recalcitrant DNA
templates.
The three phages exhibit very limited protein homologies
among each other, as shown in Fig. 3. It is noteworthy that both
SPO1 and Twort encompass regions with no homologies with the
Bacillus phages compared here, especially in the tail ﬁber proteins
(Fig. 3). This is likely due to highly adapted host-speciﬁc adhesion
proteins (RBPs, receptor binding proteins) encoded in this late
gene cluster. Occasional homologies can be observed in some of
the early genes, especially in the typically more conserved
replication-associated functions (Fig. 3). Interestingly, no signiﬁ-
cant protein homologies can be observed between CP-51 and
W.Ph. apart from the region encoding structural proteins. This
ﬁnding is in agreement with the earlier proposed division between
CP-51 in the SPO1-like group and W.Ph. in the Twort-like group of
Fig. 3. Whole genome comparison of Bastille, CP-51 and W.Ph., including related phages SPO1 and Twort. The linear map is based on nucleotide sequences of the phage unit
genomes and predicted open reading frames. CDSs are colored by functional role categories as noted in the boxed key. BLASTP matches between CDSs are colored by protein
percent identity (see key). Structural proteins identiﬁed by peptide mass ﬁngerprinting are noted with GenBank accession numbers or protein identiﬁers underneath their
respective CDS. Amino acid coding speciﬁcities for tRNA genes are noted in red by single letter IUPAC notations. The SPO1 genome is rearranged to ﬁt with the rest of the
genomes. It starts now at gp57 instead of gp1. Six small hypothetical ORFs are deleted from the genome of phage Twort. They are either oriented in the wrong transcription
direction or intergenic. These are: ORF87, 172, 203, 212, 230 and 252. Phage unit genomes are depicted (non-redundant).
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the Spounavirinae (Klumpp et al., 2010), and supported by conclu-
sions in a recent publication comparing several Bacillus phage
genome seqences in silico (Lee et al., 2013).
The cold sensitivity of CP-51 is a very unusual phenotype. It is the
only Bacillus phage known to exhibit such an extreme cold sensitiv-
ity; for example, 90% of particles contract and eject DNAwithin a few
hours of incubation at 4 1C at pH 6.6 and higher (Thorne and Holt,
1974). It is unclear, how such a phage can survive in an environment
(soil) together with its host, where the average annual temperature
may be as low as 6.5 1C (Clauser and Mareschal, 1995), and the soil
pH in general is neutral or alkaline. It may be speculated that CP-51 is
highly adapted to acidic soil, in combination with higher average
annual soil temperatures, as can be found in certain regions of North
America, South America, and Africa. Unfortunately, information
pertaining to the original isolation source or the location of CP-51
is not available (Thorne, 1968a). Another possibility is that CP-51
phage survives environmental conditions by infecting sporulating
host cells, and entering a “hibernation state” in the infected spores.
We have also tested both Bastille and W.Ph. phages for their cold
stability. In contrast to CP-51, both phages retained 495% of the
initial titers upon storage at 4 1C in SM buffer at pH 7.5 for several
months (data not shown).
The physical genome structure of the three phages has been
determined. CP-51, W.Ph and Bastille feature invariable, terminally
redundant genome ends (Fig. 2), which is in agreement with the
general genome structure observed in Spounavirinae (Klumpp
et al., 2010). This structure usually does not support generalized
transduction, because precise packaging signals on the DNA are
required to be recognized by the terminase. Interestingly, CP-51 has
previously been described as a generalized transducing phage (Plaut
et al., 2013; Thorne, 1968a, 1968b). Based on this, one would expect its
DNA molecules to be circularly permuted and terminally redundant,
which would not ﬁt the characteristics of the Spounavirinae. Circular
permutation has been observed for several generalized transducing
phages, such as Listeria phages A118 and P35 (Hodgson, 2000;
Loessner et al., 2000), coliphage P1 (Sternberg and Coulby, 1987),
Salmonella phage P22 (Tye et al., 1974), etc. Our data now show that
CP-51 DNA molecules feature a deﬁned terminal redundancy and lack
permutation (Fig. 2). Consequently, the claimed ability of phage CP-51
to randomly package foreign DNA cannot rely upon the packaging
mechanism itself (Casjens and Gilcrease, 2009; Green et al., 1985;
Plaut et al., 2013). This conclusion is supported by a phylogenetic
comparison of the large terminase subunit of 160 phages, which
clusters W.Ph., Bastille and CP-51 in a separate branch, together
with all SPO1-related phages and phages BCP78, BSP13, BCB4 and
SP10 (Fig. S2), and not with transducing phages such P1 or P22. Thus
transduction by CP-51 needs to be explained by other mechanisms
such as relaxed recognition speciﬁcity of the terminase for DNA
sequence at packaging sites. However, the exact mechanism remains
to be determined.
Based on protein homologies, CP-51 possibly also features a
putative non-directional frameshift site in gp54 which encodes a
putative tail ﬁber protein (Fig. S3). Such frameshifting has previously
been described for other phages (e.g. for the tail sheath protein of
Listeria phages A118 and A500 (Dorscht et al., 2009), the gpG of
Lambda (Levin et al., 1993) and gpE of myovirus P2 (Christie et al.,
2002)). However, frameshifts in tail ﬁber genes seem to be rare.
In summary, comparative genome analysis of three new
Bacillus phages, Bastille, W.Ph. and CP-51 revealed colinearity in
their genome structure and a mosaic genetic make-up. Similar to
other Myoviridae, the genome annotations of the three phages
revealed that the vast majority of the proteins have unknown
functions, and future studies are needed to provide insights into
the unique features of their life cycle in various bacterial hosts.
Methods
Propagation and analysis of host range
Phage CP-51 was obtained from Theresa Koehler, University of
Texas Medical School, Houston, USA, in the form of infected spores.
Fig. 4. Identiﬁcation of virion structural proteins by peptide mass ﬁngerprinting. Identiﬁed gene products and protein molecular mass marker masses (in kDa) are indicated.
Abbreviations: Tsh, tail sheath protein; Cps, major capsid protein; gp, gene product.
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W.Ph. was isolated by Wolfgang Beyer, University Hohenheim,
Germany, and phage Bastille was obtained from the Felix d'Herelle
Reference Center for Bacterial Viruses, University Laval, Quebec,
Canada. Phages Bastille, W.Ph. and CP-51 were propagated by a
soft-agar overlay method (Kropinski et al., 2009). Phages CP-51
and W.Ph. were propagated on B. cereus strain HER1399, whereas
phage Bastille was propagated on B. thuringiensis strain HER1211
(Kropinski et al., 2009). Phage stocks were diluted in SM buffer
(100 mM NaCl, 8 mM MgSO4, 50 mM Tris–HCl, pH 7.4) and stored
at 4 1C (Bastille and W.Ph.) or 15 1C (CP-51). Host range analysis
was performed on 34 Bacillus strains and 12 non-Bacillus strains
(Table 1) by spot titer as described (Loessner, 1991; Loessner and
Busse, 1990) and streak tests. Brieﬂy, to determine the efﬁciencies
of plaque formation, phage stocks of 21011/ml were serially
diluted 100 fold and then either spotted in 10 ml drops on a
bacterial lawn or 10 ml of each dilution were streaked across a lawn
of bacteria, and the number of plaques was counted in the
respective dilutions and the e.o.p was also calculated.
Phage puriﬁcation
Phage lysates from plates were concentrated by PEG 8000-
precipication in the presence of 1 M NaCl (Yamamoto et al., 1970)
and puriﬁed by CsCl (W.Ph. and Bastille) (Sigma-Aldrich, Buchs,
Switzerland) or Optiprep (Sigma-Aldrich) (CP-51) density gradient
centrifugation at 76,000g for 18 h, as previously described
(Klumpp et al., 2008; Sambrook and Russell, 2001).
Transmission electron microscopy
Transmission electron microscopy (Fig. 1) was done as
described previously (Klumpp et al., 2012). Brieﬂy, carbon coated
copper grids (Carbongrids, Quantifoil, Jena, Germany) were sub-
jected to glow-discharge in order to make them hydrophilic, and a
phage suspension was dropped on the grid. After two washes with
water, phages were negatively stained with 2% uranyl acetate for
1 min, and observed in a Philips CM12 TEM device (FEI, Hillsboro,
USA) at 120 kV, using a Gatan Orius 1k CCD camera (EMEZ, ETH
Zurich, Switzerland).
DNA extraction, sequencing and genome annotation
DNA was extracted from the puriﬁed phage particles by heat
and Proteinase K treatments (Fermentas, Wohlen, Switzerland)
followed by organic solvent extraction as described (Klumpp et al.,
2008; Sambrook and Russell, 2001). The following strategies and
resources were used for whole genome sequencing of the three
phages: Bastille and W.Ph. were sequenced using a Roche 454 FLX
Titanium pyrosequencing approach by GATC Biotech, Konstanz,
Germany. The genomic sequence of phage CP-51 was determined
by a combination of several sequencing technologies, namely
Roche 454 (GATC Biotech), Illumina HiSeq 2000 (Macrogen Inc.
Seoul, Korea), Sanger sequencing (GATC Biotech, and Sequiserve,
Vaterstetten, Germany), and PacBio single-molecule sequencing
(Functional Genomics Center, Zurich, Switzerland). Open reading
frames (ORFs) were predicted using the CLC Genomics Workbench
version 6.5 (CLC Bio, Aarhus, Denmark) and protein-coding
sequences (CDSs) were annotated manually if they were preceded
by a recognizable ribosomal binding site (consensus motif
AGGAGG) upstream of the start codons ATG, GTG or TTG.
Determination of the physical genome structure
The physical genome structure of the phages was initially
deduced from restriction digestion of phage DNAs, followed by
pulsed ﬁeld gel electrophoresis (PFGE). Restriction enzymes were
used according to the manufacturer's instructions (New England
Biolabs Ipswich, UK, or Fermentas, Wohlen, Switzerland). PFGE
was performed on a BioRad CHEF-DR II system with the following
settings: pulse duration 1–25 s, angle 1201, runtime 21 h, buffer
temperature 14 1C, 6 V/cm, in 1X TBE buffer. Phage CP-51 and
W.Ph. genomic ends were conﬁrmed by Sanger runoff sequencing
of terminal restriction fragments (Fig. 2), as described previously
(Klumpp et al., 2008). Bal31 nuclease digestion analysis was done
for further conﬁrmation of circular permutation, as described
previously (Klumpp et al., 2008). Brieﬂy, DNA was pre-digested
with Bal31 nuclease for deﬁned time points. The DNA was puriﬁed
by phenol–chloroform extraction and subsequently digested
with restriction enzymes. Agarose gel electrophoresis was per-
formed and fragment patterns over time of Bal31 digestion were
compared (Klumpp et al., 2008).
Determination of the viral proteome
Individual protein bands were isolated from SDS-PAGE gels
(TGX 10–20% gradient gel, Biorad, Switzerland) as previously
described (Loessner et al., 1994; Zink and Loessner, 1992), and
subsequently analyzed by mass spectrometry. Excised gel bands
were cut into small pieces, washed twice with 100 ml of 100 mM
NH4HCO3/50% acetonitrile and washed once with 50 ml of acetoni-
trile. Centrifugation steps were carried out at 16,000g for 10 min at
4 1C. The supernatants were discarded and the pellets were treated
with 10 ng/ml of trypsin (in 10 mM Tris/2 mM CaCl2, pH 8.2) at
37 1C overnight. The gel pieces were extracted twice with 100 ml of
0.1% TFA/50% acetonitrile. Samples were dissolved in 25 ml of 0.1%
formic acid. 2 ml were injected into a Q-TOF Ultima API device
(Waters Corporation, Milford, USA) for analysis (Functional
Genomics Center, Zurich, Switzerland) and the resulting data were
used to decipher structural proteins as described elsewhere (Marti
et al., 2013).
Bioinformatics and nucleotide accession numbers
Analysis of DNA and protein sequences and multiple sequence
alignments was done using the CLC Genomics Workbench 6.5 (CLC
Bio, Aarhus, Denmark). tRNA genes were predicted using
tRNAScan-SE (Lowe and Eddy, 1997). PacBio reads were assembled
and aligned using SMRT analysis/SMRT portal version 1.2.2 and
protocols RS_Resequencing.1 and RS_ALLORA_Assembly_EC.1 with
default settings and adjustment for expected genome length.
Linear illustrations of multiple phage comparisons were con-
structed as described previously (Fouts et al., 2013) except no
BLASTP percent identity cut-off was used. Genome sequences
were deposited in GenBank under accession numbers JF966203.1
(Bastille), HM144387.1 (W.Ph.) and KF554508 (CP-51).
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